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Abstract. The LIGO and Virgo Interferometers have so far provided 11 gravitational-wave (GW)
observations of black-hole binaries. Similar detections are bound to become very frequent in the
near future. With the current and upcoming wealth of data, it is possible to confront specific for-
mation models with observations. We investigate here whether current data are compatible with
the hypothesis that LIGO/Virgo black holes are of primordial origin. We compute in detail the
mass and spin distributions of primordial black holes (PBHs), their merger rates, the stochastic
background of unresolved coalescences, and confront them with current data from the first two
observational runs, also including the recently discovered GW190412. We compute the best-fit
values for the parameters of the PBH mass distribution at formation that are compatible with
current GW data. In all cases, the maximum fraction of PBHs in dark matter is constrained by
these observations to be fPBH ≈ few× 10−3. We discuss the predictions of the PBH scenario that
can be directly tested as new data become available. In the most likely formation scenarios where
PBHs are born with negligible spin, the fact that at least one of the components of GW190412
is moderately spinning is incompatible with a primordial origin for this event, unless accretion
or hierarchical mergers are significant. In the absence of accretion, current non-GW constraints
already exclude that LIGO/Virgo events are all of primordial origin, whereas in the presence of
accretion the GW bounds on the PBH abundance are the most stringent ones in the relevant
mass range. A strong phase of accretion during the cosmic history would favour mass ratios
close to unity, and a redshift-dependent correlation between high masses, high spins and nearly-
equal mass binaries, with the secondary component spinning faster than the primary. Finally,
we highlight that accretion can play an important role to relax current constraints on the PBH
abundance, which calls for a better modelling of the mass and angular momentum accretion rates
at redshift z . 30.
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1 Introduction
Thanks to the current available measurements of the Gravitational Waves (GWs) from Black
Holes (BHs) mergers in the observational runs O1 and O2 [1] and the more recent ongoing third
phase [2] by the LIGO/Virgo collaborations, we have entered the era of GW astronomy. One
of the most fundamental questions such observations raise is the nature of the BHs [3]. One
fascinating hypothesis is that the merging BHs are of primordial origin, that is, they have formed
early in the evolution of the universe (see Ref. [4] for a recent review). This possibility is also
– 1 –
interesting as Primordial Black Holes (PBHs) may comprise the totality or a fraction of the Dark
Matter (DM) in the universe [5, 6].
In order to assess if the merger events may be ascribed to PBHs one needs to go through
various steps:
1. First, one starts from a given mass function distribution (which might be theoretically
justified by a given PBH formation mechanism). Such mass function is determined by a
set of parameters (typically two of them) parametrising the characteristic PBH mass scale
and the width of the distribution. Their central values may be estimated from observations
by requiring that all GW events detected so far (or a fraction thereof) are explained by
PBHs. This requires fitting the key observables, namely the merger rate, the BH masses,
and the redshift at which the event is produced, resulting in the best-fit value for the PBH
abundance fPBH in units of the DM one.
2. Secondly, one has to check if the resulting model parameters and fPBH are compatible with
the current constraints from other observations (e.g. lensing and CMB distortion) [7]. This
second step is necessary to check which fraction of the PBHs may form the DM and, above
all, to see if the observed events are compatible with the PBH scenario, or if their primordial
origin is already excluded by other observations.
3. Thirdly, one can confront the theoretical predictions obtained through the PBH hypothesis
of some key quantities, e.g. the binary chirp masses, mass ratios, spins, with the observed
values, thus assessing whether the predictions are compatible or in tension with observa-
tions.
The goal of this paper is to explore if the first two observational LIGO/Virgo runs – also including
the event GW190412 recently discovered in O3 – are compatible with the hypothesis that the
BHs are of primordial origin. In particular, we calculate the mass and spin distributions of PBHs,
their merger rates, the stochastic background of unresolved coalescences, and confront them with
current data.
One particularly relevant phenomenon to take into account when performing such analysis
is PBH mass accretion. Indeed, PBHs may accrete efficiently during the cosmic history, see for
instance [8–10]. First of all accretion changes the PBH masses, their mass functions, and their
abundances. This is relevant when analysing the constraints at the present epoch for PBHs
with masses larger than a few solar masses [11]. Furthermore, accretion may strongly influence
the PBH merger rates, their final spins [12], as well as their mass ratios in the binaries. This is
particularly important not only because the binary masses and effective spin parameter χeff can be
measured, but also because the recent GW190412 [2] and future events will provide fundamental
information on the individual BH spin and on mass ratio distributions with a large hierarchy
between the BH masses.
The paper is organised as follows. In Section 2 we discuss the masses and the spins of the
PBHs including the accretion phenomenon. In Section 3 we provide details about the binary
evolution, while Section 4 is devoted to PBH merger rates. Section 5 represents the main bulk
of our paper as it contains the comparison of the recent LIGO/Virgo data with the theoretical
predictions. Finally, we conclude in Section 6 by providing a list of our main findings that can
be directly tested with current and future GW observations.
A final note about notation. We are going to use the label “i” for the quantities at formation
time, to distinguish from those at the time of coalescence. Final values, e.g. PBH masses, will
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carry no label. This distinction is relevant when accretion takes place. We use G = c = 1 units
throughout.
2 The masses and spins of PBHs
In this section we discuss the theoretical predictions for the masses and spins of binary BH
components in the case the latter are of primordial origin. We consider two situations: a) accre-
tion is negligible, hence the masses and spins of the binary components are those at formation;
b) baryonic mass accretion is modelled through the cosmic history, hence the masses and spins of
isolated and binary PBHs are different from those at formation. In the latter case also the mass
distribution and the PBH abundance are affected by accretion.
The reader interested in the final results can skip the details of the modelling and jump
directly to Sec. 2.4, where a summary of the theoretical predictions is presented. The limitations
of the accretion model are discussed in Sec. 2.5.
2.1 Mass distribution at formation
One can consider several initial shapes for the mass function at high redshift, depending on the
details of the PBH formation mechanism. In Ref. [12] we considered a critical, spiky, lognormal,
and power-law mass function. Since the first two cases are unrealistic, we restrict here to the latter
two distributions. A distribution, motivated by the collapse of scale invariant perturbations, is
given by a power-law mass function [13–16]
ψ(M, zi) =
1
2
(
M
− 1
2
min −M−
1
2
max
)−1
M−
3
2 . (2.1)
This is described by two free parameters, Mmin and Mmax. An alternative, and maybe more
popular, mass function is the lognormal one
ψ(M, zi) =
1√
2piσM
exp
(
− log
2(M/Mc)
2σ2
)
(2.2)
expressed again by two parameters, the width σ and the peak reference mass Mc, first introduced
in [17]. It represents a frequent parametrisation for the cases of a PBH population arising from
a symmetric peak in the primordial power spectrum, see for example Ref. [18].
2.2 Spin distribution at formation
The requirement that the cosmological abundance of PBHs is less than the DM abundance sets
a bound on the PBHs mass fraction, which in turn requires the collapse of density perturbations
generating a PBH to be a rare event. Applying the formalism of peak theory [19] in standard
formation scenarios [20–24], one finds that high (and rare) peaks in the density contrast, which
eventually collapse to form PBHs, are primarily spherical. However, at first order in perturbation
theory, the presence of small departures from spherical symmetry introduces torques induced by
the surrounding matter perturbations. This leads to the generation of a small angular momentum
before collapse. Due to the small time scales which characterise the overdensity collapse, the
action of the torque moments is indeed limited in time.
The estimated PBH spin at formation is [25]
χi =
Ωm
pi
σδ
√
1− γ2 ∼ 10−2
√
1− γ2, (2.3)
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where Ωm ∼ 0.3 is the current DM abundance, σδ is the variance of the density perturbations
at the horizon crossing time, and γ parametrises the shape of the power spectrum of the den-
sity perturbations in terms of its variances (being γ ∼ 1 for very narrow power spectra). The
suppression factor due to γ arises because, as γ approaches unity, the velocity shear tends to be
more strongly aligned with the inertia tensor. Thus, the initial spin of PBHs is expected to be
below the percent level (see also Ref. [26]). Non-standard scenarios for the PBH formation, for
instance during an early matter-dominated epoch [27] following inflation or from the collapse of
Q-balls [28], may lead to higher values of the initial spin.
2.3 The role of accretion
In this section we discuss the manifold roles of accretion onto PBHs during the cosmic history,
reviewing and extending the analysis presented in previous work. Accretion can affect both the
mass and spin of isolated and binary PBHs [12]. 1 For the latter, it can also affect the binary
evolution before GW emission becomes dominant (see Sec. 3.2 below). Furthermore, accretion
modifies the mass distribution of PBHs and the fraction of PBHs in DM in a redshift-dependent
fashion [11].
2.3.1 Accretion onto isolated PBHs
We model gas accretion onto an isolated PBH with mass M , moving with a relative velocity vrel
with respect to the surrounding gas, through the Bondi-Hoyle mass accretion rate [8, 9, 32]
M˙B = 4piλmHngasveffr
2
B (2.4)
where veff =
√
v2rel + c2s is the effective velocity, cs is the speed of sound, and the gas number
density is ngas ' 200(1 + z/1000)3 cm−3. The Bondi-Hoyle radius reads
rB ≡ M
v2eff
' 1.3× 10−4
(
M
M
)( veff
5.7 km s−1
)−2
pc. (2.5)
For a gas in equilibrium at the temperature of the intergalactic medium,
cs ' 5.7
(
1 + z
1000
)1/2 [(1 + zdec
1 + z
)β
+ 1
]−1/2β
km s−1, (2.6)
with β = 1.72, and zdec ' 130 being the redshift at which the baryonic matter decouples from the
radiation fluid. The accretion parameter λ appearing in Eq. (2.4) keeps into account the effects of
the Hubble expansion, the coupling of the CMB radiation to the gas through Compton scattering,
and the gas viscosity [8]. The main formulas to compute λ are summarized in Appendix B of
Ref. [12].
Current observational constraints imply that PBHs with masses larger than O(M) can
comprise only a fraction of the DM [7]. Thus, accretion onto PBHs should include the presence
of an additional DM halo. While direct DM accretion onto the PBH is negligible [8, 10], the
halo acts as a catalyst enhancing the gas accretion rate. The DM halo has a typical spherical
density profile ρ ∝ r−α (with approximately α ' 2.25 [33, 34]), truncated at a radius rh '
0.019 pc(M/M)1/3(1 + z/1000)−1 and with total mass
Mh(z) = 3M
(
1 + z
1000
)−1
. (2.7)
1In this paper we neglect second-generation mergers of PBHs, which are those in which at least one of the two
components of the binary results from the merger of a previous binary system [12, 29]. This is justified by the fact
that, in the case of PBH mergers, the fraction of second-generation events can be neglected in the LIGO/Virgo
band [12, 30, 31].
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Figure 1. Schematic illustration of the relevant scales involved in the accretion process for a PBH binary
system. The Bondi radius of the binary is much bigger than the orbital separation.
The mass Mh grows with time as long as the PBHs are isolated and eventually stops when all
the available DM has been accreted, i.e. approximately when 3fPBH(1 + z/1000)
−1 = 1. In
the presence of a DM halo, the mass entering in the Bondi-Hoyle formula (2.4) is Mh, and this
enhances the accretion rate. The halo extends much more than the Bondi radius (rh  rB) and
this effect is taken into account by the accretion parameter λ [8].
It is customary to define the dimensionless accretion rate normalised to the Eddington one
m˙ =
M˙B
M˙Edd
with M˙Edd = 1.44× 1017
(
M
M
)
g s−1, (2.8)
whose behaviour as a function of the redshift and PBH mass can be found in Refs. [8, 12]. It is
noteworthy that m˙ can be larger than unity (i.e., accretion can be super-Eddington) for z ∼ O(30)
and for the masses of interest for this work.
The typical accretion time scale is given in terms of the Salpeter time by
τacc ≡ τSalp
m˙
=
σT
4pimp
1
m˙
=
4.5× 108 yr
m˙
, (2.9)
where σT is the Thompson cross section and mp is the proton mass. For z . 100, τacc is smaller
than the typical age of the universe. Accretion can therefore play an important role in the mass
evolution of PBHs [9, 12].
The accretion rate (2.4) depends significantly on the relative velocity between the PBHs and
the baryonic matter, and it is therefore sensitive to several physical processes that might increase
the PBH characteristic velocities or the speed of sound in the gas, in turn reducing the accretion
rate. We discuss this point in Sec. 2.5 below. Given the large uncertainties in the modelling of
the accretion rate at relatively small redshift, here we shall adopt an agnostic view and consider
several cut-off values zcut-off = (15, 10, 7), below which accretion is negligible.
2.3.2 Accretion onto binary PBHs
In order to study the accretion onto binary PBHs, one has to take into account both global
accretion processes (i.e., of the binary as a whole) and local accretion processes (i.e., onto the
– 5 –
individual components of the binary). Here we extend the analysis of Ref. [12] to account for
generic mass ratios and eccentric orbits. We consider a binary of total mass Mtot = M1 + M2,
reduced mass µ = M1M2/(M1 + M2), mass ratio q = M2/M1 ≤ 1, semi-major axis a, and
eccentricity e. The situation is schematically illustrated in Fig. 1 and described below.
Two distinctive regimes occur depending on how the binary separation compares with the
Bondi radius of the binary,
rbinB =
Mtot
v2eff
, (2.10)
where the effective velocity veff =
√
c2s + v
2
rel depends on the velocity vrel of the center of mass of
the binary relative to the surrounding gas with mean cosmic density ngas. Indeed, if a  rbinB ,
accretion occurs onto the two individual PBHs independently (each one moving at a characteristic
velocity that also depends on the orbital one), as discussed in the previous section. However, as
the binary hardens, the orbital separation becomes much smaller than the Bondi radius of the
binary (a  rbinB ) and, as we shall discuss, this occurs much before GW emission becomes the
dominant driving mechanism of the inspiral. In this case, accretion occurs on the binary as a
whole at rate given by
M˙bin = 4piλmHngasv
−3
eff M
2
tot . (2.11)
We now evaluate how the two binary components accrete in this configuration. The PBH positions
and velocities with respect to the center of mass are given by [35]
r1 =
q
1 + q
r, v1 =
q
1 + q
v; r2 =
1
1 + q
r, v2 =
1
1 + q
v (2.12)
in terms of their relative distance and velocity
r = a(1− e cosu), v =
√
Mtot
(
2
r
− 1
a
)
, (2.13)
both expressed as a function of the semi-major axis a, eccentricity e, and angle u. The time
evolution of the latter is implicitly given by
√
a3/Mtot(u(t) − e sinu(t)) = t − T , where T is an
integration constant [35]. The PBH effective velocities with respect to the gas are given by
veff,1 =
√
v2eff + v
2
1, veff,2 =
√
v2eff + v
2
2. (2.14)
Since the Bondi radius of the binary is much bigger than the typical semi-axis of the binary (see
Fig. 1), the total infalling flow of baryons towards the binary is constant, i.e.
4pimHngas(R)vff(R)R
2 = const = M˙bin (2.15)
where the free fall velocity of the gas, vff, is computed by assuming that at large distances,
R ∼ rbinB , it reduces to the usual effective velocity veff, i.e.
vff(R) =
√
v2eff +
2Mtot
R
− 2Mtot
rbinB
, (2.16)
while ngas(R) identifies the density profile at a distance R from the center of mass of the binary,
ngas(R) =
M˙bin
4pimHvff(R)R2
. (2.17)
In other words, being the infalling flow of baryons constant, their density near the binary increases
relative to its mean cosmic value at the Bondi radius of the binary.
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The accretion rates for the single components of the binary are then given in terms of the
effective Bondi radii2 of the binary components rB,i = Mi/v
2
eff,i as
M˙1 = 4pimHngas(rB,1)v
−3
eff,1M
2
1 , M˙2 = 4pimHngas(rB,2)v
−3
eff,2M
2
2 . (2.18)
Note that for the single accretion rates we considered two naked PBHs, for which the parameter
λ ≈ 1 at low redshift, while we have described the binary with a dark halo clothing with parameter
λ which takes into account the ratio of the Bondi radius of the binary with respect to the dark
halo radius [9], as discussed above.
Putting together the above formulas, the accretion rates (2.18) can be written in terms of
the orbital parameters in a cumbersome (albeit analytical) form,
M˙1 = M˙bin
√
1 + ζ + (1− ζ)γ2
2(1 + ζ)(1 + q) + (1− ζ)(1 + 2q)γ2 , (2.19)
M˙2 = M˙bin
√
(1 + ζ)q + (1− ζ)q3γ2
2(1 + ζ)(1 + q) + (1− ζ)q2(2 + q)γ2 , (2.20)
where we defined ζ = e cosu and γ2 = av2eff/µq. The q → 0 limit is particularly simple and does
not depend on e nor u,
M˙1 = M˙bin +O(q) , M˙2 =
√
q
2
M˙bin +O(q3/2) . (2.21)
In the general case, since the orbital period is much smaller than the accretion time scale τacc, we
can average over the angle u and eliminate the explicit time dependence in Eqs. (2.19) and (2.20).
After this averaging procedure the dependence on the eccentricity is negligible. Therefore, we
can finally write
M˙1 = M˙bin
√
M1q2 + a(1 + q)v2eff
(1 + q)[2M1q2 + a(1 + 2q)v2eff]
,
M˙2 = M˙bin
√
q[M1 + a(1 + q)v2eff]
(1 + q)[2M1 + a(2 + q)v2eff]
. (2.22)
The above rates can be even further simplified when
M1q
2  av2eff, (2.23)
which is satisfied for M1 ∼ O(M) and a ∼ O(106)M1 for any q > 10−2. In this case, the
previous expressions reduce to
M˙1 = M˙bin
1√
2(1 + q)
,
M˙2 = M˙bin
√
q√
2(1 + q)
. (2.24)
Note that the expected behaviour M˙1 = M˙2 = M˙bin/2 is recovered in the limit q → 1.
2Note that the local velocities of the individual PBHs [Eq. (2.14)] are of the order of the orbital velocity. The
latter is always much larger than vrel and cs for orbital separations smaller than the Bondi-Hoyle radius of the
binary. Therefore, the Bondi radii rB,i of the individual PBHs are much smaller than the Bondi radius r
bin
B of the
binary.
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As can be checked a posteriori, we will always be interested in a regime in which Eq. (2.24)
is an excellent approximation. In the following we shall therefore use these simplified formulas,
which have the great advantage to be independent of the orbital parameters. In other words,
knowing M˙bin and the initial mass ratio, Eq. (2.24) provides the time evolution of the masses of
the binary components, regardless of the orbital evolution.
In terms of the Eddington normalised rates, m˙i = τSalpM˙i/Mi, one gets
m˙1 = m˙bin
√
1 + q
2
, m˙2 = m˙bin
√
1 + q
2q
. (2.25)
The evolution equation for the mass ratio is given by
q˙ = q
(
M˙2
M2
− M˙1
M1
)
=
q
τSalp
(m˙2 − m˙1) . (2.26)
The above equation shows an important point that will be relevant in the following: if m˙2 > m˙1,
the growth rate of the mass ratio is positive, i.e. the mass ratio grows until it reaches a stationary
point when q = 1 and m˙1 = m˙2. From Eq. (2.25), it is clear that m˙2 > m˙1 in any case. This
shows that accretion onto a binary PBH implies that the binary masses tend to balance each
other on secular time scales.
2.3.3 Effects on the mass function and PBH abundance
In addition to changing the masses and spins of PBHs, accretion also affects their mass distribu-
tion function, as well as their mass fraction relative to that of the DM, in a redshift-dependent
fashion [11].
Let us define the mass function ψ(M, z) as the fraction of PBHs with mass in the interval
(M,M + dM) at redshift z. For an initial ψ(Mi, zi) at formation redshift zi, its evolution is
governed by [11, 12]
ψ(M(Mi, z), z)dM = ψ(Mi, zi)dMi (2.27)
where M(Mi, z) is the final mass at redshift z for a PBH with mass Mi at redshift zi. We stress
that – since the evolution of the mass function is needed to re-weight existing constraints on
the PBH abundance and since the latter are mainly due to isolated PBHs – for the evolution of
the mass function we have considered the evolution of the mass of a single BH; in this case we
have to follow Sec. 2.3.1. The main effect of accretion on the mass distribution is to make the
latter broader at high masses, producing a high-mass tail that can be orders of magnitude above
its corresponding value at formation [11]. A representative example is shown in Fig. 2, where
we compare the final mass function (after the accretion phase) with that at formation for some
choices of the initial mass distribution.
Finally, also the value of fPBH is affected by accretion. Assuming for simplicity a non-
relativistic dominant DM component (whose energy density scales as the inverse of the volume),
it is easy to show that [11]
fPBH(z) =
〈M(z)〉
〈M(zi)〉(f−1PBH(zi)− 1) + 〈M(z)〉
, (2.28)
where we defined the average mass
〈M(z)〉 =
∫
dMMψ(M, z). (2.29)
Due to the presence of accretion, fPBH(z) can be significantly larger than fPBH(zi), see an example
in Fig. 3.
– 8 –
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Figure 2. Example of evolution of the power-law (left) and lognormal (right) mass functions.
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Figure 3. Example of evolution of the PBH abundance for both power-law and lognormal mass functions.
2.3.4 Effects on the PBH spins
The physics of accretion is very complex, since the accretion rate and the geometry of the accretion
flow are intertwined, and they are both crucial in determining the evolution of the PBH mass.
In addition, the infalling accreting gas onto a PBH can carry angular momentum which crucially
determines the geometry of the accreting flow, and the evolution of the PBH spin [12] (see also
[36]).3
Conditions for a thin-disk formation in isolated and binary PBHs. For accretion onto
an isolated BH, angular momentum transfer is relevant if the typical gas velocity (given by the
baryon velocity variance [9]) is larger than the Keplerian velocity close to the PBH. This implies
that the minimum PBH mass for which the accreting gas flow is non-spherical is [9, 12]
M ∼> 6× 102MD1.17ξ4.33(z)
(1 + z/1000)3.35[
1 + 0.031 (1 + z/1000)−1.72
]0.68 , (2.30)
where ξ(z) = Max[1, 〈veff〉/cs] describes the effect of a (relatively small) PBH proper motion
in reducing the Bondi radius, and the constant D ∼ O(1 ÷ 10) takes into account relativistic
corrections.
3The spin of PBHs might change and decrease also due to the plasma-driven superradiant instabilities [37–
39]. This effect is dependent upon the geometry of the plasma surrounding the BH and is negligible for realistic
systems [40]. For this reason we shall neglect plasma-driven superradiant instabilities.
– 9 –
Besides the necessary condition (2.30), the geometry of the disk also depends on the accretion
rate. If m˙ < 1 and accretion is non-spherical, an advection-dominated accretion flow (ADAF)
may form [41]. When m˙ & 1, the non-spherical accretion can give rise to a geometrically thin
accretion disk [42]. For m˙  1 the accretion luminosity might be strong enough that the disk
“puffs up” and becomes thicker. For simplicity, here we follow Ref. [9] and assume that a thin
disk forms when Eq. (2.30) is satisfied and
m˙ ∼> 1 . (2.31)
In the regimes we are interested in, the latter condition is always more stringent than condi-
tion (2.30). Therefore, m˙ ∼> 1 can be considered as the sufficient condition for the formation of a
thin disk around an isolated PBH [12].
If instead accretion occurs onto a PBH binary, angular momentum transfer on each PBH is
much more efficient [12]. In this case each binary component has a velocity of the order of the
orbital velocity v. Although the Bondi radius of the individual PBHs is much smaller than the
Bondi radius of the binary, it is still parametrically larger than the radius of the innermost stable
circular orbit (ISCO, see Eq. (2.34) below). Therefore, the accretion onto the binary components
is never spherical and a disk can form. Compared to the aforementioned case of an isolated PBH,
in this case condition (2.30) is absent.
To summarize, for both isolated and binary PBHs we can assume that a thin accretion
disk forms whenever m˙ & 1 along the cosmic history. Furthermore, since m˙ never exceeds unit
significantly [12], the thin-disk approximation should be reliable in the super-Eddington regime
of PBHs.
Evolution of the spin. When the conditions for formation of a thin accretion disk are sat-
isfied, i.e. Eq. (2.31), mass accretion is accompanied by an increase of the PBH spin. A thin
accretion disk is located along the equatorial plane [42, 43] and therefore the PBH spin is aligned
perpendicularly to the disk plane. In such a configuration, one can use a geodesic model to
describe the angular-momentum accretion [44].
For circular disk motion the rate of change of the magnitude J ≡ | ~J | ≡ χM2 of the PBH
angular momentum is related to the mass accretion rate (see also Refs. [44–47])
J˙ =
L(M,J)
E(M,J)
M˙, (2.32)
where
E(M,J) =
√
1− 2 M
3rISCO
and L(M,J) =
2M
3
√
3
(
1 + 2
√
3
rISCO
M
− 2
)
, (2.33)
and the ISCO radius reads
rISCO(M,J) = M
[
3 + Z2 −
√
(3− Z1) (3 + Z1 + 2Z2)
]
, (2.34)
with Z1 = 1 +
(
1− χ2)1/3 [(1 + χ)1/3 + (1− χ)1/3] and Z2 = √3χ2 + Z21 .
Finally, Eq. (2.32) can be re-arranged to describe the time evolution of the dimensionless
Kerr parameter
χ˙ = (F(χ)− 2χ) M˙
M
, (2.35)
where we have defined the combination F(χ) ≡ L(M,J)/ME(M,J), which is only a function of
χ. The above spin evolution equation predicts that the spin grows over a typical accretion time
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Figure 4. Left: Evolution of the mass of the primary for fixed values of the initial mass ratio. Right:
the region in the (qi −M i1) plane (shaded areas) that allows the total final mass of the binary to be below
Mtot = 10
4M. In both panels we considered three different choices of zcut-off.
scale until it reaches extremality, χ = 1. However, radiation effects limit the actual maximum
value of the spin to χmax = 0.998 [45]. Magnetohydrodynamic simulations of accretion disks
around Kerr BHs suggest that the maximum spin might be smaller, χmax ' 0.9 [48]. However,
this limit may not apply to geometrically thin disks. The geometrically thin-disk approximation
is expected to be valid for each PBH when m˙i & 1. For larger values of the accretion rates,
the disk might be geometrically thicker and angular momentum accretion might be less efficient.
However, the spin evolution time scale does not change significantly in more realistic accretion
models [48].
To summarize, another key prediction of the PBH scenario is the fact that the spin of
sufficiently massive PBHs (those that go through epochs of super-Eddington accretion during the
cosmic history) should be highly spinning. Note that the condition (2.31) is more easily fulfilled
by binary PBHs than by the isolated ones, since in the former case accretion is enhanced by the
larger total mass of the binary.
2.4 Summary: theoretical distributions of the PBH binary parameters
In this section we summarize the results for the theoretical distributions of the binary parameters
obtained as previously discussed. For ease of notation, we shall denote by Mj and χj the final
mass and spin of the j-th binary component; likewise q will be the final mass ratio of the binary.
The initial mass and spin of the j-th binary component are denoted by M ij and χ
i
j whereas the
initial mass ratio is denoted by qi.
4 Clearly, in the absence of accretion or hierarchical mergers,
the initial and final quantities coincide. In this case the mass and spin distributions are those at
formation, see Secs. 2.1 and 2.2.
2.4.1 Mass evolution
As a representative example, in the left panel of Fig. 4 we show the evolution of the primary
component mass of the binary for various choices of the initial mass ratio qi, and for three choices
of the cut-off redshift. One can notice that the effect of accretion becomes important above initial
masses ∼ 10M and is stronger for larger masses and for (initially) nearly-equal mass binaries.
Overall, the masses can increase by one or two orders of magnitude due to accretion. Since the
4We remind that we conventionally define the mass ratio to be smaller than unity. If M i2 ≤M i1, the ordering is
preserved during the accretion-driven evolution and therefore M2 ≤M1.
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Figure 5. From top to bottom: final masses M1, M2, and final mass ratio q as a function of the initial
masses (M i1,M
i
2). We consider three accretion scenarios parametrised by zcut-off = 15 (left panels), zcut-off =
10 (middle panels), and zcut-off = 7 (right panels).
merger frequency of binaries with total mass Mtot & 104M is certainly below the frequency band
of current ground-based detectors, we can safely neglect all the binaries that are pushed above
that value by accretion. In the right panel of Fig. 4 we show the region in the qi −M i1 plane
that allows the total final mass of the binary to be below Mtot = 10
4M. The parameter space
outside the shaded areas would give rise to binaries with Mtot > 10
4M, which are irrelevant for
our study.
Nonetheless, it is intriguing to note that, due to a strong accretion phase at z ≈ (10÷ 30),
PBHs formed with M i & 20 − 100M, can have much larger masses when they are detected at
small redshift. These objects would be natural candidates for intermediate-mass BHs, which are
sources for third-generation ground-based detectors and especially for LISA.
Since the initial binary parameters are unmeasurable, it is more relevant to analyse the
dependence of the final massesM1,M2 and their mass ratio q in terms of the initial massesM
i
1,M
i
2.
This is done in Fig. 5 for an accretion evolution until the cut-off redshift zcut-off = (15, 10, 7) (from
left to right columns).
As shown in Sec. 2.3.2, accretion onto a PBH binary system is such that the secondary
body experiences a stronger (specific) accretion rate compared to the primary body. Since the
large majority of PBH binaries that merge in the LIGO/Virgo band are formed before accretion
is relevant [4], it is expected that strongly-accreting binaries tend to have mass ratios close to
unity. This is shown in Fig. 6, in which we present the distribution of the final mass ratio for an
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Figure 6. Examples of evolution of the q distribution within the accretion scenario with zcut-off = 10. The
distributions are found imposing a cut on the total mass equal to Mmaxtot = 10
4M. Top and bottom panels
correspond to power-law and lognormal mass functions, respectively.
initial power-law and lognormal mass function for several choices of (Mmin, Mmax) and (σ, Mc),
respectively. The distributions are constructed by drawing the values of (M i1,M
i
2) from a given
initial mass function, subject to the constraint that Mmaxtot < 10
4M. Note, however, that this
plot does not represent the distribution of q expected in actual events, since it does not take
into account neither how the merger rates depend on the parameters nor the sensitivity curve of
LIGO/Virgo, which is optimal for frequencies corresponding to the merger of binary BHs with
Mmaxtot < 10
2M. A direct confrontation with current GW events will be presented in Sec. 5.
2.4.2 Spin evolution
In the absence of accretion, or if mass accretion is not efficient enough, the spin of PBHs is natal.
As discussed in Sec. 2.2 the dimensionless spin parameter χi in the most likely formation scenarios
is of the order of the percent or smaller, although larger values are predicted in less standard
scenarios, see e.g. [27, 28].
The situation changes drastically in the case of efficient accretion. In Fig. 7 we show the final
spins of the PBH binary components as a function of their final masses for three different choices
of zcut-off. Besides the quantitative difference between different choices of zcut-off, the qualitative
trend is the same. Namely, the final mass and final spin of the PBHs are correlated: low-mass
PBHs are slowly spinning or non-spinning, whereas high-mass PBHs are rapidly spinning. The
mass scale at which this continuous transition occurs depends on the cut-off redshift and it is
always around (10 ÷ 40)M. In particular, smaller cut-offs favour a lower-mass transition, as
expected by the fact that in this case the accreting phase lasts longer during the cosmic evolution.
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Figure 7. Final spins χ1 (top panels) and χ2 (bottom panels) as functions of the final masses (M1,M2).
As in Fig. 5, from left to right we consider three cut-off redshifts below which accretion is suppressed.
In Fig. 8 we show the distribution of the effective spin parameter defined as
χeff =
~J1/M1 + ~J2/M2
M1 +M2
· Lˆ, (2.36)
where M1 and M2 are the individual BH masses, ~J1 and ~J2 are the corresponding angular-
momentum vectors, and Lˆ is the direction of the orbital angular momentum. Following Ref. [12]
we have averaged over the angles between the total angular momentum and the individual PBH
spins. We have plotted χeff as a function of the final PBH mass M1 for different fixed values of
the mass ratio parameter q. When accretion is present, such distributions reflect the transition
from initially vanishing values of χeff to large ones. In the top two rows of Fig. 8 (for q = 1
and q = 1/2), we have shown only the current data which are compatible (within their reported
errors) with the corresponding chosen value of q. In the third row (q = 1/4) we report only
GW190412 as a reference.
2.5 Limitations of the accretion model
Accretion onto compact objects through the cosmic history is a complex phenomenon and the
accretion rate relies on a set of assumptions, above all through the dependence on the velocity.
While from the discussion of the previous sections it seems clear that accretion should play a
relevant role, it is also important to spell out the main uncertainties in the accretion modelling [8,
9, 52].
a) Local feedback: our analysis neglects the effect of feedback on the accretion flow. The effect of
local heating for the PBH masses of interest for LIGO/Virgo can be safely neglected [8, 52].
b) Global feedback & X-ray pre-heating: this effect was estimated in [8], including the X-ray
heating of the gas and the extra contribution due to PBH accretion, but neglecting other
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Figure 8. The distribution of χeff as a function of the PBH mass M1 for selected values of the parameter
q. Blue data points refer to the events listed in Ref. [1], whereas green and red data points refer to the
events discovered in Refs. [49, 50]; the red data points refer to GW151216 and GW170403, for which the
measured value of χeff is significantly affected by the prior on the spin angles [51]. The cyan data point
refers to GW190412 recently reported in Ref. [2].
possible sources of X-ray heating [53]. However, since then, the analysis of the cosmic
ionisation provided in Ref. [8] has been strongly revisited by later work, in particular after
GW150914 and the suggestion that those BHs might be of primordial origin [5]. Indeed,
the detailed analysis of Ref. [52] shows that global feedback is much less important for
LIGO/Virgo BHs. In particular, taking all relevant effects into account, Ref. [52] found an
accretion rate which is consistent with that estimated by Ref. [8] without the effect of global
heating. Modelling the temperature of the intergalactic medium at redshift 10 . z . 30 is
particularly relevant, since an increase in the temperature is followed by an increase in the
sound speed and, in turn, by a reduction of the accretion rate.
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c) DM halo: the accretion rate computed in our model is consistent with that of Ref. [52],
with the important inclusion of a DM halo, which seems inevitable if PBHs form a small
fraction of the DM, at least if the latter is of particle origin.
d) Structure formation: part of the population of PBHs starts falling in the gravitational
potential well of large-scale structures after redshift around z ' 10, experiencing an increase
of the relative velocity up to one order of magnitude, see for example Ref. [54] for a recent
analysis. This will result in a consequent suppression of the accretion rate [9, 55, 56].
While this motivates our choice zcut-off = 10, the precise dynamics depends on the complex
modelling of the global thermal feedback and the change in the relative velocity due to the
structure formation. Furthermore, it is hard to estimate the fraction of PBHs that stop
accreting efficiently enough due to this effect. For example, the captured PBHs might settle
at the center of the halo within a Hubble time, due e.g. to dynamical friction effects, and
might keep accreting efficiently.
e) Spherical accretion & disk geometry: most of the semi-analytical studies on accretion onto
compact objects necessarily assume a quasi-spherical flow. However, this approximation
might break down, e.g. in the case of outflows [57]. The efficiency of the latter in reducing
the accretion rate depends on the geometry of the accretion flow and on the relative direction
of the outflow.
f) Angular momentum transfer: As discussed above, when m˙ ∼ 1 the disk is geometrically
thin and can be described with a geodesic model. When m˙  1 or m˙  1, the geometry
of the disk is different, and this impacts on the accretion luminosity and feedback. In the
super-Eddington regime the disk is expected to “puff up”, becoming geometrically thicker.
Angular momentum accretion in this case is more complex, although numerical simulations
suggest that the spin evolution time scale does not change significantly [48].
While the above details require complex and model-dependent simulations, the uncertainties in
certain aspects of the accretion model can be parametrised in an agnostic way through a cut-off
redshift zcut-off. For instance, as far as the X-ray pre-heating effect [53] on the accretion rate is
concerned, the suppression factor in m˙ with respect to the case of no X-ray pre-heating may be
at most an order of magnitude or smaller. Most importantly, this effect can be caught in our
model by increasing the value of zcut-off without including the X-ray pre-heating
5.
Based on the above discussion, we consider zcut-off = 10 as the most reasonable choice for the
cut-off redshift; the value zcut-off = 7 advocated in Ref. [9] might be considered as an optimistic
choice that assumes a non-negligible fraction of PBHs which keeps accreting significantly even
after structure formation, whereas larger values of the cut-off, e.g. zcut-off = 15 would suppress
the effect of accretion and correspond to a scenario in which the temperature of the intergalactic
medium is high enough even before reionisation.
3 Binary evolution
Having discussed the masses and spins of isolated and binaries PBHs, we now turn our attention
to the evolution of PBH binaries. First we consider the case in which accretion is absent or
5It is also worth mentioning that the analysis of Ref. [53] is based on WMAP data, which estimated the
reionisation redshift as zre = 17 ± 5 [58]. The current value is zre = 7.8 ± 0.8, as measured by Planck [59], well
within zcut-off = 10 which we consider the most realistic choice for the cut-off. Thus, it seems likely that also the
pre-reionisation era might be shifted to smaller redshifts, in which case its effect is much smaller, possibly not
affecting the accretion evolution up to z < 7.
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inefficient, in which case the binary evolves only through GW radiation-reaction, which we review
following Sec. 4.1 of Ref. [60]. Then, we consider the case in which baryonic mass accretion is
modelled as discussed in the previous sections, extending the results of Ref. [61] to the case of
accretion-driven inspiral for eccentric binaries with generic mass ratio.
3.1 GW-driven evolution
In the absence of GW radiation-reaction, the eccentricity e and semi-major axis a are constants
of motion and can be expressed in terms of the angular momentum and energy as
e2 = 1 +
2EL2
M2totµ
3
, a =
GMtotµ
2|E| . (3.1)
To the leading order in the weak-field/slow-motion approximation, one can use the quadrupole
formula to evaluate the energy and angular momentum losses through the GW emission. The
energy and angular momentum of the binary evolves as [62, 63]
dE
dt
= −32
5
µ2M3tot
a5
1
(1− e2)7/2
(
1 +
73
24
e2 +
37
96
e4
)
,
dL
dt
= −32
5
µ2M
5/2
tot
a7/2
1
(1− e2)2
(
1 +
7
8
e2
)
. (3.2)
In terms of the adiabatic evolution of e and a, one can recast the system of equations in the form
da
dt
= −64
5
µM2tot
a3
1
(1− e2)7/2
(
1 +
73
24
e2 +
37
96
e4
)
,
de
dt
= −304
15
µM2tot
a4
e
(1− e2)5/2
(
1 +
121
304
e2
)
. (3.3)
This system can be solved to find an estimate for the merging time tc, here defined as a(tc) = 0.
For an initial orbit with e(ti) = ei and a(ti) = ai one finds
tc(ai, ei) = tc(ai)
48
19
1
g4(ei)
∫ ei
0
de
g4(e)(1− e2)5/2
e(1 + 121e2/304)
, (3.4)
where we defined the function
g(e) =
e12/19
1− e2
(
1 +
121
304
e2
)870/2299
. (3.5)
For a circular orbit, Eq. (3.4) reduces to
tc(ai, ei = 0) ≡ tc(ai) = 5
256
a4i
M2totµ
. (3.6)
Conversely, in the limit ei → 1, one finds that
tc(ai, ei → 1) ' tc(ai)768
429
(1− e2i )7/2. (3.7)
The parameters leading to a coalescence time equal to the age of the universe, t0 = 13.7 Gyr, are
shown in Fig. 9. As one can notice, the initial value of ai diverges as ei tends towards unity, since
the coalescence time tends to shrink rapidly in that limit.
The above relation is used by [4, 6] to compute an estimate of the merger rate, as we discuss
in Sec. 4.
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Figure 9. The contour lines indicate the combination of the parameters ei and ai giving a coalescence
time equal to the age of the universe tc(ai, ei) = t0. The label indicates M1 and the mass ratio considered
is q = 1, 1/2 and 1/8 respectively.
3.2 Accretion-driven evolution
Accretion introduces a further secular change to the orbital parameters, in addition to GW
radiation-reaction [61, 64, 65]. As we are going to discuss, due to the time scales involved in the
problem, we can study the accretion-driven phase and the GW-driven phase separately. Indeed,
since for z < zcut-off accretion is drastically suppressed, the evolution of the binary from zcut-off to
the redshift of detection (which we shall assume to be z ≈ 0 having in mind the current horizons
of LIGO and Virgo) is governed by GW emission only. From Eq. (3.4), a merger occurring at
z ≈ 0 corresponds to a binary with orbital separation a = O(1011 m) at zcut-off = 10. In this
configuration the time scale of variation of the semi-major axis due to GW emission is
TGW ∼ a
a˙
∣∣∣
GW
= 4× 1017
(
a
1.4× 1011m
)4( M
30M
)−3(1− e2
0.1
)7/2
s (3.8)
where the normalisation a = 1.4 × 1011m has been chosen as the one giving a merger in a time
equal to the age of the universe for binary components of equal mass M = 30M and e = 0.95.
As can be directly checked, owing to the strong dependence TGW ∝ a4, for z > zcut-off the typical
accretion time scale (2.9) is much smaller than the one governing GW radiation-reaction. In
other words, we can assume6 that the inspiral is driven solely by accretion when z > zcut-off and
solely by GW radiation-reaction when z < zcut-off.
It is also worth noting that, for the range of parameters we are interested in, the mass
accretion time scale (2.9) is always much larger than the characteristic orbital time scale,
Torbital ∼
(
Mtot
a3
)−1/2
∼ 8× 105
(
M
30M
)−1/2 ( a
1.4 · 1011 m
)3/2
s . (3.9)
Therefore one can treat the mass accretion as an adiabatic process keeping constant the adiabatic
invariants of the elliptical motion, as we now discuss.
If the masses vary adiabatically, one can compute the action variables Ik =
∫
pdk/(2pi) for
the elliptic motion (where k = r, φ are the polar coordinates) and then employ the fact that
they are adiabatic invariants. Specifically, the adiabatic invariants for the Keplerian two-body
problem are [66]
Iφ =
1
2pi
∫ 2pi
0
pφdφ = Lz, (3.10)
Ir =
1
2pi
∫ rmax
rmin
prdr = −Lz +
√
Mtotµ2a, (3.11)
6The case in which the detected events is at z > zcut-off requires a different analysis, which will be relevant for
third-generation ground-based detectors such as the Einstein Telescope [67] and for the space mission LISA [68].
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where we recall the definition of energy and angular momentum of the binary
E = −µMtot
2a
, Lz =
√
M2totµ
3(e2 − 1)
2E
=
√
1− e2
√
Mtotµ2a. (3.12)
The invariance of Iφ and Ir implies that
dIφ
dt
=
∂Lz
∂e
∂e
∂t
+
∂Lz
∂a
∂a
∂t
+
∂Lz
∂µ
∂µ
∂t
+
∂Lz
∂Mtot
∂Mtot
∂t
= 0 ,
dIr
dt
=
∂Ir
∂e
∂e
∂t
+
∂Ir
∂a
∂a
∂t
+
∂Ir
∂µ
∂µ
∂t
+
∂Ir
∂Mtot
∂Mtot
∂t
= 0. (3.13)
It is easy to prove that the system of equations can be recast as
∂a
∂t
= −2a
µ
∂µ
∂t
− a
Mtot
∂Mtot
∂t
,
∂e
∂t
= 0 , (3.14)
which shows that the eccentricity is a constant of motion for an accretion-driven inspiral. This
does not come as a surprise as the eccentricity can be expressed in terms of the adiabatic invariants
as [66]
e =
√
1−
(
Iφ
Iφ + Ir
)2
. (3.15)
The only non-trivial dynamical equation can be written as
a˙
a
+ 2
µ˙
µ
+
M˙tot
Mtot
= 0. (3.16)
This results recovers the one found in Ref. [61] in the absence of GW emission and for circular
binaries, and extends it for a generic eccentricity, which remains a constant of motion.
Finally, it is convenient to write Eq. (3.16) in terms of the mass accretion rates of the isolated
objects
a˙
a
+
M2(M1 + 2M2)M˙1 +M1(2M1 +M2)M˙2
M1M2(M1 +M2)
= 0 . (3.17)
In general, this equation is coupled to the evolution equations for M1 and M2, namely Eqs. (2.22).
However, within the aforementioned approximations, one can evolve Mi using Eq. (2.24) and
finally evolve the semi-axis major using Eq. (3.17). In the limit q → 1, i.e. M1 = M2, Eq. (3.17)
simplifies to the more familiar form
a˙
a
+ 3
M˙1
M1
= 0 . (3.18)
4 PBH merger rates and phenomenology
After the discussion about the evolution of the PBH binary, we move to the computation of the
PBH merger rate both without and including accretion, and we will then discuss its impact on
the PBH phenomenology.7
7We assume that PBHs are not initially clustered [69–72] which is a good approximation in the absence of
primordial non-Gaussianity.
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4.1 Merger rates without accretion
Following the notation of Ref. [73], one can write down the differential merger rate at the time
of coalescence t in the form
dR =
1.6× 106
Gpc3 yr
f
53
37
PBH(zi)
(
t
t0
)− 34
37
η
− 34
37
i
(
M itot
M
)− 32
37
S (M itot, fPBH(zi))ψ(M
i
1, zi)ψ(M
i
2, zi)dM
i
1dM
i
2,
(4.1)
where fPBH(zi) is the initial fraction of DM in the form of PBHs, ηi = µ
i/M itot is the symmetric
mass ratio, defined in terms of the reduced mass µi = M i1M
i
2/M
i
tot and total mass M
i
tot = M
i
1 +M
i
2
of the binary components at the formation time, and ψ(M i, zi) identifies the PBH mass function
at the formation time zi, normalised to unity.
The suppression factor S is introduced in order to keep into account the effect of the matter
density perturbations and possible modifications due to the size of the empty region around the
binary. Its expression is given by [73]
S (M itot, fPBH(zi)) =
e−N¯(y)
Γ(21/37)
∫
dvv−
16
37 exp
[
−N¯(y) 〈m〉
∫
dm
m
ψ(m, zi)F
(
m
〈m〉
v
N¯(y)
)
− 3σ
2
Mv
2
10f2PBH(zi)
]
(4.2)
in terms of the generalised hypergeometric function
F (z) = F1 2
(
−1
2
;
3
4
;
5
4
;−9z
2
16
)
− 1 , (4.3)
the rescaled variance of matter density perturbations σ2M = (ΩM/ΩDM)
2
〈
δ2M
〉 ' 0.0072 at the
time at which the binary is formed, and
〈m〉 =
(∫
1
m
ψ(m, zi)dm
)−1
. (4.4)
The number N¯(y) of PBHs in a spherical volume of radius y is chosen such that the binaries do
not get destroyed by other PBHs, i.e.
N¯(y) =
M itot
〈m〉
fPBH(zi)
fPBH(zi) + σM
. (4.5)
The integral over the masses in the suppression factor gives an estimate of the typical mass of
the perturber PBHs responsible for the torque, which prevents two PBHs to collide directly and
is responsible for forming the binary itself.
In Fig. 10 we show the behaviour of the suppression factor for the cases of a lognormal and
power-law mass function.
4.2 Merger rates with accretion
In this subsection we will describe the main impact of accretion on the PBH merger rate.
As already discussed in Sec. 3, due to the time scales involved in the problem, one can study
the accretion-driven and the GW-driven binary evolution separately. Indeed, accretion dominates
the evolution of the binary up to redshift zcut-off, while GW radiation-reaction is dominant from
that redshift up to the detection time.
To understand the effect of accretion on the merger rate we remind that, using the formal-
ism of Ref. [73], the latter is defined by integrating the probability distribution of the orbital
parameters
dR(t) =
∫
dade
dP
de
δ (t− tc(µ,Mtot, a, e)) (4.6)
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Figure 10. Left: Suppression factor for a power-law mass function with Mmax = 10Mmin and various
M itot. Right: Suppression factor for a lognormal mass function with σ = 0.5.
at the coalescence time of the binary, which has been computed in Sec. 3 without accretion and
which we report here for convenience in a more compact form
tc =
3
85
a4i (1− e2i )7/2
η(zi)M3tot(zi)
, (4.7)
where all the quantities are set at the formation time zi.
In the presence of accretion the masses change in time. Even though the ellipticity is a
constant of motion, the semi-major axis a does evolve with time due to the masses evolution, as
one can see from Eq. (3.16). This will have an impact on the coalescence time of the binary. Since
the accretion-driven phase occurs earlier and independently of GW emission, once accretion is
included the coalescence time becomes
taccc =
3
85
N 4a4i (1− e2i )7/2
η(zcut-off)M3tot(zcut-off)
≡ N
4
S tc(M
i
j), (4.8)
where we have defined the factor
S = η(zcut-off)M
3
tot(zcut-off)
η(zi)M3tot(zi)
(4.9)
which keeps into account the masses evolution from initial time zi to the cut-off redshift zcut-off,
and the shrinking factor of the orbit
N ≡ a(zcut-off)
ai
= exp
[
−
∫ tcut-off
ti
dt
(
M˙tot
Mtot
+ 2
µ˙
µ
)]
, (4.10)
which properly considers the semi-major axis evolution. As we discussed, for z < zcut-off accretion
is negligible, so the binary proceeds in the standard GW radiation-reaction scenario, but with
different masses with respect to the no accretion case.
Implementing the fact that the suppression factor does not depend on time and using
Eq. (2.27) for the mass function evolution, one can rescale the coalescence time to compute
the final differential merger rate as
dRacc(t,Mj , fPBH(zi)) =
S
N 4 dR
(
tS/N 4,M ij , fPBH(zi)
)
= N−12/37S3/37dR (t,M ij , fPBH(zi)) (4.11)
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where with M ij and Mj we identify respectively the couple (M1,M2) at the formation and final
time. In the last line the merger rate in terms of the initial quantities is explicitly given by
Eq. (4.1). As such, the bounds coming from merger rates do not depend upon the evolution of
the mass functions discussed in subsection 2.3.3.
4.3 Phenomenology of PBH mergers without accretion
In this subsection we will discuss the implications of the physics of the PBH mergers on their
phenomenology, by focusing on the constraints on the PBH abundance both from the total number
of observed binary BH merger events by the LIGO/Virgo collaboration, and from the absence
of the stochastic GW background produced by unresolved sources. We will follow the procedure
outlined in Ref. [73], without including the effects of accretion. The latter will be discussed in
Sec. 4.4.
4.3.1 Likelihood analysis for GW observations without accretion
One can start by performing a maximum-likelihood analysis, considering all the BH merger
events observed by the LIGO/Virgo collaboration to date [1, 2] and assuming that they all have
a primordial origin, to find out the best-fit values for the parameters of the PBH mass function.
For concreteness, we shall assume either a lognormal or a power-law distribution.
The log-likelihood function is given by
L =
∑
j
ln
∫
dR(M1,M2, z)/(1 + z)dVc(z)pj(Mj,1|M1)pj(Mj,2|M2)pj(zj |z)Θ(ρ(M1,M2, z)− ρc)∫
dR(M1,M2, z)/(1 + z)dVc(z)Θ(ρ(M1,M2, z)− ρc) ,
(4.12)
where the experimental uncertainties of the detected events are assumed to be described by
Gaussian probabilities pj(Mj |M) to observe a BH mass Mj given that the BH has mass M , and
by Gaussian probabilities pj(zj |z) to observe a merger at redshift zj given that it happens at
redshift z.
The integral is performed over the masses and redshift, in terms of the PBH merger rate
dR(M1,M2, z) shown in Eq. (4.1), and of the comoving volume per unit redshift
dVc(z)
dz
=
4pi
H0
D2c (z)
E(z)
=
4pi
H20
1
E(z)
(∫ z
0
dz′
E(z′)
)2
, (4.13)
where the comoving distance Dc is
Dc(z) =
1
H0
∫ z
0
dz′
E(z′)
(4.14)
with
E(z′) =
√
Ωr(1 + z′)4 + Ωm(1 + z′)3 + ΩK(1 + z′)2 + ΩΛ, (4.15)
and ΩK = 0.0007, Ωr = 5.38 × 10−5, ΩΛ = 0.685, Ωm = 0.315, h = 0.674, H0 = 1.0227 ×
10−10h yr−1. The additional factor of redshift 1/(1+z) is introduced to account for the difference
in the clock rates at the time of merger and detection. The Heaviside function Θ is introduced in
Eq. (4.12) to implement a detectability threshold based on the signal-to-noise ratio (SNR) of the
GW events, ρc = 8. The optimal signal-to-noise ratio ρopt of individual GW events for a source
with masses M1,M2 at a redshift z is given by [74]
ρ2opt(M1,M2, z) ≡
∫ ∞
0
4|h˜(ν)|2
Sn(ν)
dν (4.16)
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where the strain noise for the O2 run has been taken from Ref. [75] and its analytical fit in the
frequency range ν ∈ [10, 5000] Hz is given by
S
1/2
n,O2(ν) = exp
[
6∑
i=0
ci log
i(ν)
]
, (4.17)
with
c0 = 33.3329, c1 = −75.7393, c2 = 27.1742, c3 = −5.10534,
c4 = 0.524229, c5 = −0.0273956, c6 = 0.000557901. (4.18)
The GW strain signal h˜ is given in Fourier space by [74]
h˜(ν) =
√
5
8
1
DLpi
1
ν
(
dEGW(ν)
dν
)1/2
eiφ(ν) (4.19)
where φ(ν) is the phase of the waveform, not relevant for the SNR, andDL identifies the luminosity
distance from the source in terms of the comoving distance Dc as
DL(z) = (1 + z)Dc(z) = (1 + z)
1
H0
∫ z
0
dz′
E(z′)
. (4.20)
For the GW energy spectrum dEGW with frequency between (ν, ν+dν) we use a phenomenological
expression which, in the non-spinning limit, is given by [74, 76] 8
dEGW(ν)
dν
=
pi2/3
3
M
5/3
tot η ×

ν−1/3 for ν < ν1,
ν
ν1
ν−1/3 for ν1 ≤ ν < ν2,
ν2
ν1ν
4/3
2
σ4
(4(ν−ν2)2+σ2)2 for ν2 ≤ ν < ν3,
(4.21)
where
piMtotν1 = (1− 4.455 + 3.521) + 0.6437η − 0.05822η2 − 7.092η3,
piMtotν2 = (1− 0.63)/2 + 0.1469η − 0.0249η2 + 2.325η3,
piMtotσ = (1− 0.63)/4− 0.4098η + 1.829η2 − 2.87η3,
piMtotν3 = 0.3236− 0.1331η − 0.2714η2 + 4.922η3. (4.22)
The final SNR can be then obtained by performing an average over the isotropic sky locations
and orientations, finding that [78, 79]
ρ2(M1,M2, z) =
1
5
ρ2opt(M1,M2, z) , (4.23)
which should be compared with the detectability threshold assumed to be ρc = 8.
From all these ingredients one can perform a maximum-likelihood analysis and find the
best-fit values for the PBH mass function parameters, which can then be used as benchmark
values to show the constraints on the PBH abundance from GWs events.
8In our analysis we neglect the impact of the BH spins onto the emitted GWs energy described in Refs. [76, 77].
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4.3.2 Number of events and stochastic GW background without accretion
The predicted number of PBH merger detections in a time interval ∆t is given by [73, 80, 81]
N = ∆t
∫
dzdM1dM2
1
1 + z
dVc(z)
dz
dR(M1,M2, z)
dM1dM2
Θ (ρ(M1,M2, z)− ρc) (4.24)
in terms of the PBH merger rate, including a redshift factor 1/(1+z) to account for the difference
in the clock rates at the time of merger and detection. The errors N − Nmin and Nmax − N on
N can be estimated using a Poisson statistics by computing the number of events with the PBH
mass function parameters and fPBH at which the likelihood is maximum, and the reference masses
at the 2σ confidence level. One can use the range Nmin < N < Nmax to constrain the fraction of
DM as PBHs assuming that all the observed BH merger events are primordial, and setting an
upper bound on fPBH. We will show the results of this procedure in Sec. 5.
PBHs mergers which are not individually resolved (i.e. ρ < ρc = 8) contribute to a stochastic
GW background, which in turn can be used to constrain the PBHs abundance, see Ref. [73, 82–
85]. From the differential merger rate dR(z) at redshift z, one can compute the spectrum of the
stochastic GW background of frequency ν as
ΩGW(ν) =
ν
ρ0
∫ ν3
ν
−1
0
dzdM1dM2
1
(1 + z)H(z)
dR(M1,M2, z)
dM1dM2
dEGW(νs)
dνs
Θ(ρc − ρ(M1,M2, z)),
(4.25)
where ρ0 = 3H
2
0/8pi, νs = ν(1 + z) is the redshifted source frequency, and now the Heaviside
function is introduced to subtract the contribution from events which can be observed individually.
By calculating the stochastic GW background arising from the coalescences of PBH binaries
and comparing its strength to the sensitivity of LIGO [86, 87], one can constrain the fraction of
DM in PBHs. The result of this procedure will be shown in Sec. 5.
4.4 Phenomenology of PBH mergers with accretion
In this subsection we include the effect of accretion on the likelihood analysis as well as on
the estimates of the number of BH merger events and of the stochastic GW background from
unresolved sources.
4.4.1 Likelihood analysis for GWs observations with accretion
Following the same procedure of the previous subsection, one can start by performing a maximum-
likelihood analysis to find out the preferred values for the parameters of the PBH initial mass
function which best-fit the data. The log-likelihood function is given by
Lacc =
∑
j
ln
∫
dRacc(M1,M2, z)/(1 + z)dVc(z)pj(Mj,1|M1)pj(Mj,2|M2)pj(zj |z)Θ(ρ(M1,M2, z)− ρc)∫
dRacc(M1,M2, z)/(1 + z)dVc(z)Θ(ρ(M1,M2, z)− ρc)
(4.26)
in terms of the merger rate including the effect of accretion dRacc(z) given in Eq. (4.11). We
stress that, once accretion is included, the final masses enter both in the Gaussian probabilities
for the experimental uncertainties of the detected events as well as in the SNR.
4.4.2 Number of events and GWs abundance with accretion
Including the effect of accretion, the predicted number of PBH mergers detected in a time ∆t is
given by
Nacc = ∆t
∫
dzdM1dM2
1
1 + z
dVc(z)
dz
dRacc(M1,M2, z)
dM1dM2
Θ (ρ(M1,M2, z)− ρc) (4.27)
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in terms of the accretion-included merger rate dRacc(M1,M2, z) given by Eq. (4.11).
Likewise, also the GW background gets modified by accretion as
ΩaccGW(ν) =
ν
ρ0
∫ ν3
ν
−1
0
dzdM1dM2
1
(1 + z)H(z)
dRacc(M1,M2, z)
dM1dM2
dEGW(νs)
dνs
Θ(ρc − ρ(M1,M2, z)).
(4.28)
The results for the constraints with the inclusion of accretion will be shown in the next section.
5 Confrontation with LIGO/Virgo O1, O2, and GW190412
In this section we present the main results of this work. We confront the theoretical predictions
discussed above with current observations, assuming that the BHs involved in the merger events
are of primordial origin. We do so by assuming two mass functions (power-law and lognormal)
and various scenarios, namely no accretion and accretion with three different cut-off redshifts
(zcut-off = 15, 10, 7). As for the data, we include the LIGO/Virgo observation runs O1 and O2 [1]
and the recent GW190412 [2], which overall comprise Nobs = 11 events.
9
We have proceeded by assuming that all the events seen by LIGO/Virgo are due to a first-
generation merger of PBHs (hierarchical mergers [29] will be briefly discussed later on). This is
admittedly a strong assumption as of course a fraction of these events (if not all) might be due
to BHs of astrophysical origin. Our goal is therefore to analyse whether motivated PBH mass
functions (power-law and lognormal) are compatible with current GW data.
5.1 Best-fit parameters for the PBH mass function
In Fig. 11 we present the likelihood on the parameter space for a power-law (top panels) and
lognormal (bottom panels) mass function. A few comments are in order: first, the best-fit values
in all cases end up providing a similar value of the PBH fraction in DM, namely fPBH ≈ few×10−3;
this upper bound becomes less stringent in the case of strong accretion (small zcut-off); secondly,
increasing the accretion effect (i.e., decreasing zcut-off) makes the 2σ and 3σ contours to shrink.
This is due to the fact that the best-fit values correspond to a narrower initial distributions
and smaller initial central masses; finally, we note that, for the case of no accretion, our best-fit
values for the lognormal distribution agree with those recently computed in Ref. [89]. The latter
reported Mc = 17M and σ = 0.75, which agree with the values shown in the bottom left panel
of Fig. 11 within 1σ. This shows the robustness of these values, given the fact that our analysis
and that of Ref. [89] are different; for example Ref. [89] did not include the suppression factor for
the merger rate and fitted only the chirp masses of the events.
In Fig. 12 we present the comparison between the initial and the final mass functions for
the best-fit values obtained from the previous likelihood analysis. To highlight the differences
at large masses, for the lognormal case we also show the same results in a log-linear scale. The
effect of accretion is to shift the tail of the mass function to larger PBH masses, this shift being
more pronounced when the accretion is stronger, with a consequent decrease of the amplitude
of the peak. In other words, accretion tends to make the mass distribution broader [11]. Note,
however, that the effect on the mass functions for the specific values of the parameters selected
by the likelihood is much less pronounced than in the example shown in Fig. 2. This happens
because the best-fit distributions peak at relatively low mass. We also notice that this evolution
is for isolated PBHs, which is the relevant case for the constraints inferred from the observations
other than those from GW observations. However, one should take into account that for PBHs
9For an analysis regarding the chirp mass and the mass ratio for Advanced-LIGO, but without accretion, see
Ref. [88].
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Figure 11. Likelihood on the parameter space for the power-law (top) and lognormal (bottom) mass
functions requiring Nobs = 11. The red dashed (solid) contours corresponds to 2σ (3σ) respectively. The
leftmost panels correspond to the case in which accretion is negligible, whereas the second to fourth columns
correspond to accretion suppressed at zcut-off = (15, 10, 7), respectively.
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Figure 12. Primordial mass function and its evolution if accretion is present. In this plot we use the
best-fit values for the parameters of the PBH mass distributions at formation, as obtained from the previous
likelihood analysis. The organization of the panels is the same as in Fig. 11.
in binaries the effect of accretion is larger, thus allowing PBH masses larger than those indicated
in Fig. 12.
5.2 Updated constraints on PBH abundance
In Fig. 13 we present the constraints on the PBH abundance as a function of the mass, again
for the best-fit values obtained from the previous likelihood analysis. In the range of masses of
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interest for LIGO/Virgo, the most important constraints come from lensing, dynamical processes,
formation of structures, and accretion related phenomena. The lensing bounds include those
from supernovae [90], the MACHO and EROS experiments [91, 92], ICARUS [93] and radio
observations, such as [94] and [95] (Ogle). They all consider lensing sources at low redshift
z  zcut-off. Dynamical constraints involve disruption of wide binaries [96], and survival of star
clusters in Eridanus II [97] and Segue I [98] at small redshifts. Bounds also arise by observations of
the Lyman-α forest at redshift before z ≈ 4 [99]. Other constraints involve bounds from Planck
data on the CMB anisotropies induced by X-rays emitted by spherical or disk (Planck S and
Planck D, respectively) [52, 100] accretion at high redshifts or bounds on the observed number
of X-ray (XRay) and X-ray binaries (XRayB) at low redshifts [101]. Additional constraints on
the primordial abundance can also be set by the merger rates predicted by the LIGO/Virgo
observations [102].
In Fig. 13 we show a selection of the above constraints, identified by the nickname in
parenthesis in the list above, and computed as discussed in Ref. [11]. In addition, we show the
bounds coming from the absence of stochastic GW background in LIGO/Virgo data (black line)
and those from the merger rate (red lines), computed as discussed in the previous section.
The red dashed and continuous lines correspond to the 2σ values for the expected number
of events. In other words, the red continuous line corresponds to the upper bound from the
observed merger rate, since larger values of fPBH(z = 0) would yield a merger rate higher than
observed at a given mass. On the other hand, the red dashed line corresponds to a lower bound
on fPBH(z = 0), assuming all the observed events are of primordial origin, since smaller values of
fPBH(z = 0) would yield a merger rate lower than observed at a given mass. Clearly, this lower
bound can be made less stringent by assuming that only a fraction of events is of primordial
origin. The vertical dashed red lines indicate the 2σ interval around the best-fit value of the mass
parameter, as obtained by the likelihood analysis.
When accretion gets stronger (for masses around ≈ 10M), we observe two main effects:
i) In the leftmost part of the red curve (i.e. on the left of the minimum) the GW bounds on
fPBH become more stringent, since accretion enhances the merger rate in that region. The
opposite is true on the right of the minimum, because in that region accretion pushes the
masses to large values, outside the optimal sensitivity range of the detectors.
ii) the non-GW bounds become weaker, due to the broadening of the mass function and the
evolution of fPBH(z). The interested reader can find a more detailed discussion of this
phenomenon in Ref. [11].
The net result is that, if accretion is negligible, in the range of the mass-function parameters
selected by the likelihood analysis, non-GW constraints (in particular Planck D) would already
marginally exclude the possibility that all BH merger events detected so far are of primordial
origin. However, when accretion is significant the opposite is true: LIGO/Virgo constraints are
the most stringent ones in the relevant mass range. Overall, the upper bound on the PBH
abundance coming from LIGO/Virgo rates is fPBH(z) . few × 10−3 in the relevant mass range,
with the upper bound becoming more stringent in the case of strong accretion. Moreover, in
the relevant mass range existing constraints seem to exclude the possibility to detect the GW
stochastic background from PBH mergers, because detecting the latter would require a PBH
abundance which is already excluded.
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Figure 13. Constraints on fPBH from experiments not related to GWs (see legend and main text), absence
of stochastic GW background in LIGO O2 (black-solid), and upper (red-solid indicating the 2σ exclusion
region) and lower (red-dashed, obtained assuming that all BH merger events detected so far are primordial)
bounds coming from the observed merger rates. As in Figs. 11 and 12, the leftmost panels correspond to
the case in which accretion is negligible, whereas the second to fourth columns correspond to accretion
suppressed at zcut-off = (15, 10, 7), respectively.
5.3 Confrontation of the predicted distributions of the binary parameters with
observations
In Fig. 14 we show the observable distribution of the chirp massM≡ µ3/5M2/5tot obtained using the
the best-fit values calculated from the previous likelihood analysis and compared to LIGO/Virgo
data. We have plotted the differential Rdet, i.e. the number of events in the chirp mass bin
normalised with respect to the total number of events (red lines). The blue histograms indicate
the distribution inferred from the data. They have been obtained by plotting, in each chirp mass
bin, the integral of the posterior probability summed over all measurements in that bin. On the
top of the figures we have shown the individual posterior probability for each measured event.
One can appreciate that the larger the accretion, the wider the distribution becomes because the
high-mass tail gets more spread. For the power-law mass function, accretion shifts the peak of the
distribution to smaller masses because the likelihood prefers smaller Mmin. For the same reason,
for very strong accretion the predicted distribution has also support for small chirp masses. For
the extreme case zcut-off = 7 and a power-law distribution, the predicted merger rate at small
chirp mass seems in tension with current observations.
Fig. 15 is analogous to Fig. 14 but for the observable distribution of the mass ratio parameter
q. Again, the histograms (blue lines) inferred from the data have been obtained by summing up,
in each q bin, the data weighted by the corresponding posterior probability.
Here we notice that the distributions, when accretion is included, move towards q = 1. This
is predicted by the the discussion in Sec. 2.4, where we showed that q = 1 is a fixed-point of the
binary evolution.
Current observed rates have a peak at about q ≈ 0.7. However, it is important to note
that current errors on the mass ratio (especially for LIGO/Virgo O1 and O2 events [1]) are quite
large. In fact, all O1 and O2 events are compatible with q ≈ 1; GW190412 is the only BH
merger detected by LIGO/Virgo to date which has a mass ratio significantly different from unity,
as also shown in the posterior distributions on the small top panels of Fig. 15. Overall, one
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Figure 14. Observable distribution of chirp mass M (red histogram) compared to the data available (blue
histogram). The organization of the panels is the same as in Fig. 13.
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Figure 15. Same as Fig. 14, but for the observable distribution of mass ratio q compared to the data
available.
might expect that the distributions of q will change significantly as new events in O3 become
available. Nonetheless, a general qualitative result can be drawn: extreme accretion scenarios
(like zcut-off . 7) are in tension with GW190412, since they would predict that the vast majority of
events should have q ∼ 1. Furthermore, the cases of a power-law and a lognormal mass functions
with zcut-off ' 10, see Fig. 14, which seemed to be in good agreement as far as the chirp mass
distribution is concerned, seem to be in tension with the corresponding mass-ratio distributions.
This is of course only a preliminary result which should wait for confirmation or disproval when
the new flow of data will be available.
Finally, let us now turn our attention to the distributions of the binary spins. In Fig. 16 we
plot the observable distributions of the individual spins as a function of q with the same color
code chosen to reflect the 1-, 2- and 3-σ regions of Fig. 8. For each bin in q we have simulated a
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number of binaries and built a distribution weighting the individual contributions by the relative
detection rates. Notice that for the less massive PBH component of the binary, the corresponding
spin χ2 is always larger than the spin χ1 of the more massive component. This is predicted by
the spin evolution described in Sec. 2.4.2 and is due to the fact that m˙2 is increased by a factor
q−1/2 with respect to m˙1. Also, for large values of q, the magnitude of the spin χ1 increases when
accretion becomes stronger (smaller zcut-off), showing a strong correlation between large values of
q and the spins.
It is interesting to note that at least one of the components of GW190412 is moderately
spinning. Indeed, assuming priors that are uniform in the spin magnitudes and isotropic in
the directions, the LIGO/Virgo collaboration estimated χ1 = 0.43
+0.16
−0.26, while χ2 is essentially
unconstrained. On the other hand, using astrophysically-motivated priors, Ref. [103] has imposed
a non-spinning primary component10 and a uniform prior on ~χ2 · Lˆ, inferring ~χ2 · Lˆ = 0.88+0.11−0.24.
The latter can also be used as an estimate on χ2, assuming the orbit is not significantly tilted by
the natal kick during the supernovae that produced the secondary. As shown in Fig. 16, both cases
inferred by the analyses of Refs. [2, 103] are incompatible with a primordial origin for GW190412
unless: (i) accretion is significant during the cosmic history of PBHs; (ii) PBHs can be formed with
non-negligible natal spin (as in some scenarios [27, 28]), in contrast with the most likely formation
scenarios [25], in which the spin is at the percent level; (iii) GW190412 is actually a higher-
generation merger [29], in which the spinning binary underwent a previous merger in the past.
This possibility has been recently explored in Refs. [104, 105] in the context of hierarchical mergers
of astrophysical origin, arguing that, if considered as a first-generation merger, GW190412 would
be exceedingly rare in the context of both the field and cluster formation scenarios [104]. However,
in the case of PBHs the possibility of hierarchical merger is less likely, since the merger rates
for higher-generation mergers are much smaller than those of first-generation mergers [12, 30,
31]. The possibility that GW190412 was a higher-generation merger (of either astrophysical
or primordial origin) requires a better assessment of its spin and a comparison with multiple-
generation scenarios. A robust assessment will probably require to wait for more events like
GW190412 in O3 or future observational runs.
Finally, in Fig. 17 we plot the observable distribution of the effective spin as a function
of q compared to the data available. These plots show, when accretion is important, a strong
correlation between χeff and q. Obviously, in the case of no accretion, the effective spin parameter
is vanishing, owing to the initial conditions of the individual spins.
6 Conclusions: Key predictions of the PBH scenario for GW astronomy
With the current and upcoming wealth of data on BH binaries from the LIGO/Virgo observato-
ries, it becomes possible to perform model selection and rule out or corroborate specific formation
scenarios for BHs in the LIGO/Virgo band. We have investigated whether current data – includ-
ing O1, O2 and the recently discovered GW190412 – are compatible with the hypothesis that
LIGO/Virgo BHs are of primordial origin.
We conclude by summarising our main findings and listing the main predictions of the PBH
scenario, which can be directly tested with current and future GW observations:
1. For a given PBH mass distribution at formation, current merger rates set an upper bound on
the PBH abundance at the level of fPBH ∼< (10−2 ÷ 10−3), depending on the mass function.
10However, we expect that the posterior on ~χ2 · Lˆ might be affected by a slightly different choice of the prior on
χ1, e.g. a uniform prior χ1 ∈ [0, 0.1].
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Figure 16. Observable distribution of the individual spins as a function of q for the power-law (first two
blocks) and the lognormal (last two blocks) mass functions. The cyan data point refers to the measurement
of χ1 for GW190412 provided in Ref. [2], whereas the purple data point to the measurement of χ2 for
the same system as provided in Ref. [103] (where a prior χ1 = 0 was imposed). The grey bands indicate
those regions where the PBH model does not provide a number of observable events with a sufficiently high
statistical significance.
The best-fit values selected by the likelihood provide mass distributions which are optimally
compatible with current events. For the case of a lognormal distribution and no accretion,
our best-fit parameters are in agreement with the recent analysis in Ref. [89] within 1σ.
In addition, we found that accretion can alter quantitatively the distributions, but not the
qualitative aspects of this analysis.
2. Although not directly relevant for the LIGO/Virgo frequency range, it is intriguing that
accretion can be very efficient for PBHs with initial mass M i & 10M, increasing the
latter by some orders of magnitude during the cosmic history. Thus, it might occur that
PBHs formed with masses ∼ (10 ÷ 100)M can have much larger masses when detected
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Figure 17. Observable distribution of the effective spin as a function of q compared to the data available
for the power-law (first block) and the lognormal (last block) mass functions. The structure of the panels
and the grey bands have the same meaning as in Fig. 16.
at smaller redshift. These objects would be natural candidates for intermediate-mass BHs,
which are sources for ET and LISA. If these objects were born in the stellar-mass range in
the primordial universe, they should also have nearly-extremal spin and mass ratio close to
unity.
3. The fact that at least one of the components of GW190412 is moderately spinning is incom-
patible with a primordial origin for this event, unless: (i) PBHs are born with non-negligible
spin, in contradiction with the most likely formation scenarios; (ii) at least the spinning
component of GW190412 is a second-generation BH (however, this would require a better
assessment of its spin and a comparison with multiple-generation merger scenarios, which
are unlikely for PBHs [12]); (iii) accretion is significant during the cosmic history of PBHs.
4. Despite the uncertainties in the accretion modelling, the role of accretion onto PBHs is
manifold. Due to the effect of super-Eddington accretion at z ≈ 30, and to the fact that
accretion onto the smaller binary component is stronger than on the primary, the mass
ratio of PBH binaries with total mass above a transition value, Mtot ∼> 10M tends to
be close to unity. The precise value of the transition depends on the cut-off redshift at
which accretion ceases to be efficient. This produces a peculiar distribution of the binary
chirp mass (Fig. 14) and mass ratio (Fig. 15), which is absent in the stellar-origin scenario.
However, for the best-fit values of the lognormal distribution, the effect of accretion on the
expected distribution of q for the detected events is small.
5. Overall, in the case of efficient accretion the spins of the binary components at detection
are non-negligible and can be close to extremality for individual PBH with final masses
M i ∼> (10 ÷ 30)M. The transition value depends on the initial mass ratio and on the
cut-off redshift.
6. For the same reason as above, assuming PBHs are formed with negligible angular momen-
tum, the spin of the smaller binary component at detection is always higher than the one
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of the primary, unless hierarchical mergers occur (which are, however, unlikely [12]).
7. In all cases, the final spin of the secondary is close to extremality if the mass of the primary
M1 ∼> 40M.
8. It is worth noting that – if accretion is inefficient – current non-GW constraints (in particular
from the absence of extra CMB distortions [52, 100]) already exclude that LIGO/Virgo
events are all of primordial origin, whereas in the presence of accretion the GW bounds on
the PBH abundance are the most stringent ones in the relevant mass range.
9. Overall, a strong phase of accretion during the cosmic history would favour mass ratios
close to unity, and a redshift-dependent correlation between high PBH masses, high spins,
and q ≈ 1. These correlations can be used to distinguish the accreting PBH scenario from
that of astrophysical-origin BH binaries.
10. Extreme accretion scenarios (in our study represented by zcut-off . 7) predict that most of
the events should be clustered around q ∼ 1. This is in tension with the recent GW190412
data.
11. The individual spin evolution results in a broad distribution of the effective spin parameter
of the binary, which is compatible with the observed distribution of the GW events detected
so far [1, 49–51, 106], including GW190412 [2]. In particular, in the accreting PBH scenario
the dispersion of χeff around zero grows with the mass (as GW data suggest [107]), with a
dispersion ≈ 0 for low binary masses and O(1) at larger masses.
12. The above properties produce a peculiar distribution of χi and χeff as a function of the mass
ratio (Figs. 16 and 17), which is absent in the stellar-origin scenario.
13. According to our theoretical predictions, low mass PBHs, M ∼< O(10)M, should have
tiny spins. This property might help to distinguish PBH binaries from those composed by
neutron stars [108], in the case the spin of the latter is non-negligible.
It is worth mention that – in confronting our theoretical predictions with GW observations –
we have relied on the measurements obtained by the LIGO/Virgo collaboration. The latter are
based on agnostic priors on the masses and spins. A different choice of the priors – possibly
motivated by a sound PBH scenario – might affect the posterior distributions of the observed
parameters, especially for those which are poorly measured (see Ref. [103] for an example in the
context of astrophysical priors for the spin of GW190412). We plan to investigate this interesting
problem in a future work [109].
Furthermore, given the important role that accretion on PBHs can play in the phenomenol-
ogy of GW coalescence events and in relaxing current constraints on the PBH abundance, we
advocate the urgent need of a better modelling of the accretion rate at redshift z . 30.
Finally, the question whether the PBHs may be responsible or not of the LIGO/Virgo
data has the following answer: while in the absence of accretion the LIGO/Virgo events are
incompatible with the primordial nature of BHs, the situation – in the presence of accretion – is
at the moment not conclusive, even though the theoretical predictions of the PBH scenario are
rather sharp. The next forthcoming data from the O3 campaign and from the Advanced LIGO
might provide a more definite answer.
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